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ABSTRACT 
 

     In this study, a Structural Health Monitoring (SHM) strategy is proposed in order to detect 
disbonds in a composite lap-joint. The structure under study is composed of Carbon Fiber 
Reinforced Polymer (CFRP) bonded to a titanium plate and artificial disbonds are simulated by 
inserting Teflon tapes of various dimensions within the joint. In-situ inspection is ensured by 
piezoceramics (PZTs) bonded to the structure. Theoretical propagation and through-the-thickness 
strain distribution are first studied in order to determine damage sensitivity with respect to 
generated guided wave. The optimal configuration of the system in terms of mode and frequency 
selection, piezoceramic size, shape and inter-unit spacing is then validated using Finite Element 
Modeling (FEM) in 3D. Experimental study using variable angle wedges are first conducted in 
order to validate theoretical and numerical assumptions and Pitch-and-Catch measurements are 
then proposed in order to validate the efficient detection of the damage and accurate estimation 
of its size. 
 
Keywords: Composite inspection, guided waves, Lamb waves, SHM, piezoceramics (PZT), FEM 
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INTRODUCTION 
 
     Adhesive bonding of aeronautics primary structures is intensively used on current aircraft 
projects as a direct alternative to riveting [1].  However, the degradation of the adhesive layer 
over the time remains an issue and the inspection of the adhesive layer is complex since sub-
surface damages must be extracted. Classical Non-Destructive Testing (NDT) of bonded 
structures includes detection of the bonding layer thickness using Ultrasonic probes and Time-of-
Flight (ToF) estimation or Phased-Array (PA) transducers. A built-in Structural Health 
Monitoring (SHM) approach, rather than a traditional NDT type maintenance approach, would 
be most desirable for this application, since the associated costs would be reduced by substituting 
the current schedule-based maintenance approach by condition-based maintenance [2].  Among 
the various techniques available, a SHM system based on Lamb wave propagation with 
piezoelectric transducers seems to be a cost-effective method for a quick and continuous 
inspection of metallic assemblies [3], composite laminates [4] and bonded composite joints [5]. 
 
     Theoretical and experimental studies have been conducted, using a Pitch-and-Catch approach 
through the bond and within the bond [5] for detection of artificial disbonds in bonded composite 
joints. These two options appear as promising for joint monitoring but through-the-bond 
inspection appears as a better candidate since bond integrity is related to transmitted energy at 
specific frequencies. In the present study, attention is paid to the implementation of a 
piezoceramic based SHM system on a composite joint.  The structure is composed of an 
aluminum plate riveted to a titanium plate that is bonded to a CFRP laminate structure and 
inspection within the bond is proposed in order to avoid complex reflection patterns induced by 
the rivets. 

 
PROBLEM STATEMENT 

 
     In the present study, a bonded joint between an aluminum plate and CFRP plate is considered 
using a titanium plate as presented in Fig. 1. The CFRP plate is made of 7 plies organized in 
[+45/-45/0/90]S layup configuration and the bond line is 25.4 mm wide, oriented in the 8.3 deg 
direction.  The bonding is ensured by double sided adhesive (FM 300-2 by Cytec) that is prone to 
degradation with improper installation or when submitted to extreme strains. Thus, the aim is to 
monitor the disbond occurring at the CFRP plate / titanium plate interface using guided waves 
generated by piezoceramic transducers.  The specific inspection requirement is to discriminate 
disbonds size above 25.4 mm (1 inch).  For this purpose, an inspection strategy within the bond 
is considered since complex diffraction patterns due to the rivets can be observed when 
considering a through-the-bond inspection. 
 

The objective of the present work is to propose a transducer array configuration for Pitch-
and-Catch measurements within the bond. The objective is thus to determine the optimal 
configuration for a SHM system in terms of: 

- Sensitivity: mode and frequency selection 
- Geometry: sensor and actuator size, shape and localization 
- Detectability: metric extraction for detection and quantification of the disbond size 
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For implementation on aeronautic structures, commercially available piezoceramics 
distributed by Acellent Technologies [6] have been used. Those transducers are 6.25 mm 
diameter circular PZT integrated in a polyimide film known as SMART Layer single sensors. 

  
 

Figure 1: Schematic  view  of  the  considered  bonded  joint  instrumented  with  a two 
piezoceramic array (left) and coupon used for experimental validation (right). 

 
 

NUMERICAL ANALYSIS AND SYSTEM CONFIGURATION 
 
One-dimensional representation of the problem: dispersion analysis within the bond 
 
     The first step of the numerical analysis is to detail the propagation characteristics based on 
dispersion analysis. For this purpose, multi-layer dispersion curves are computed using the 
transfer matrix method [7] in the bond line (in the 8.3 deg direction) with the mechanical 
parameters detailed in Tab.1. Fig. 2 represents the phase velocity, group velocity and attenuation 
associated to the propagating modes in the bond direction below 700 kHz. Shear Horizontal (SH) 
modes are indicated using dashed lines while guided wave modes are represented using solid 
lines. 
 

 
Table 1 : Parameters used for computation of dispersion curves within the bond. 

 
     From theoretical derivation of coupling between circular PZT with host structure [8], it can be 
observed that natural mode selection is performed when the considered mode wavelength λ is 
related to the PZT diameter d following the relation dk.=λ , where k equals 1.7 and 0.8 for 
circular piezoceramics. Equivalent values can be derived in the case of rectangular piezoceramics 
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[7]. Thus, the use of circular PZTs manufactured by Acellent restricts us to consider four 
frequency ranges: 
 

- 150 kHz and 350 kHz, where A0 mode is enhanced 
- 450 kHz where S0 mode is enhanced 
- 550 kHz, where S1 mode is enhanced 

 
     The natural selection of modes and frequencies is represented in Fig. 2 using points and stars.  
This choice guarantees that the desired modes and frequencies are generated and thus maximize 
the damage detectability using PZTs.   
 

 
Figure 2 : Dispersion curves obtained within the bond for phase velocity (top), group velocity 

(middle) and attenuation (bottom) for freqeuncies below 700 kHz. 
 
     In order to select between modes and frequency ranges proposed, the distribution of strain and 
transverse displacement along the thickness direction is analyzed, such that a maximum must be 
reached in the adhesive layer. For this purpose, the cross-sectional distribution of shear strains is 
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computed and plotted in Fig. 3 using matrix technique [6]. In order to be sensitive to the damage, 
the selected mode and frequency range must generate large displacement and strains at the CFRP 
to adhesive interface.  In Fig. 3, it appears that A0 does not generate transverse strains at the 
CRFP to adhesive interface and thus cannot be used for effective detection of the disbond.    
 
     Looking at the shear strain repartition at 200 kHz, it appears clearly that S0 mode generates 
high strain levels in the region of interest. Between 250 kHz and 450 kHz, both S0 and A1 
generate relatively high transverse displacements at the damage and analysis of the shear strain 
reveals that A1 mode is a good candidate. For higher frequencies, both A1 and S1 modes 
generate displacement at the damage and shear strain analysis at 550 kHz show that those two 
modes generate strains at the damage location, such that those two modes are theoretically 
effective for detection of disbonds between CFRP plate and titanium spar.  
 

 
Figure 3 : Shear strain distribution in the thickness direction for 3 selected frequencies. 

 
     Thus, from 1D analysis, it appears that S0 mode around 300 kHz, A1 and S1 modes around 
500 kHz are potential candidates for detection of disbond since the generated strains in the 
adhesive region are maximized and that the associated wavelength is below the detectable 
damage size. However, due to the simplicity of the present approach, no additional information 
on metrics (changes of ToF, modal amplitude, mode conversion) can be derived, such that more 
complex analysis of the problem using 2D and 3D Finite Element Modelling are required. 
 
 
Three-dimensional representation of the problem: Finite Element Modelling 
 
     In order to validate damage sensitivity and propose metrics to be observed experimentally, 
Finite Element Analysis is required. For this purpose, numerical software (COMSOL 4.1) is used 
to simulate the dynamic response of the plate and the interaction of waves with the inserted 
damage. In order to perform the simulation with a conventional workstation at Université de 
Sherbrooke four 3-D models are developed in the frequency domain: 300 kHz and 500 kHz, both 
with and without 1.5” damage. In all configurations, the area of interest is 100 x 50 mm as 
presented in Fig. 4 and includes the PZT actuator and the damaged area. The simulations are 
performed in the frequency domain (harmonic excitation) in order to consider the loss factor in 
the anisotropic materials as described in Tab. 1. An absorbing layer (30 mm for both 300 kHz 
and 500 kHz) is modelled around the area of interest to ensure an infinite plate condition. The 
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piezoceramic is assumed perfectly bonded on the first ply and an input voltage of 1V is used as 
an excitation signal. 
 

 
Figure 4: Definition of the mesh used for 3D FEM model 

 
     The damage is simulated by considering a 1.5” semi-circular Teflon tape inserted in a cut-out 
between CFRP and titanium plate. A number of 6 nodes per wavelength is ensured in the worst 
predicted case (500 kHz) by setting the maximal mesh size at 0.70 mm in the targeted area. 
Quadratic elements are used for a total of 1,881,388 degrees of freedom. A representation of the 
mesh is presented in Fig. 4. Post-processing of 3D displacement field (u,v,w) is performed using 
Matlab. For each frequency of interest and each case under study, surface displacement in the 3 
directions and the difference between healthy and damaged fields are observed. 
 
     At 300 kHz, both A0 and S0 modes are generated with associated wavelengths of 6 mm and 
20 mm respectively. However, S0 mode (mostly associated to v component) is hidden by A0 
mode.  The influence of the damage is clearly visible in the surface transverse displacement field 
(Fig. 5).  Attenuation after propagation through the damage is clearly visible and complex 
diffraction patterns can be visible. Thus, observation of modal amplitude associated with S0 (and 
also A0) appears as good candidate for damage detection.  
 
     At 500 kHz, very complex propagation patterns are observed, including diffraction and 
multiple reflections at the joint boundaries since A0, S0 and A1 modes are generated with 
associated wavelengths of 4 mm, 10 mm and 15 mm respectively. The complexity of the analysis 
comes from the overlapping of each mode that impairs the observation of the scattered field.  
Internal resonances at the damage are visible but the scattered field after propagation through the 
damaged area cannot be easily analysed. Thus, very complex time domain signals are awaited in 
this frequency range and no information on the metric to exploit can be extracted from the FEM 
analysis due to the complexity of the propagation patterns. 
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Figure 5: Transverse diplacement field at 300 kHz (left) and at 500 kHz (right). In each case, the 

surface displacement field are plotted without damage (left) and with damage (right) 
 
 

 
EXPERIMENTAL SETUP AND VALIDATION 

 
Experimental setup 
 
     For experimental investigation, coupon structure is manufactured as presented in Fig. 1. For 
this structure, four different zones are defined, namely undamaged, sub-critical damaged 
(12.5mm), critical damaged (25mm) and over-critical damaged (37.5mm).  Synthetic damages 
are inserted using two hemispherical Teflon tapes between adhesive and titanium plate in order 
to simulate a disbond between both sub-structures. The structure is instrumented using Acellent 
piezoceramics of diameter 6.25mm and is bonded on the structure using double sided tape (3M). 
 
     The input signals are generated using a HP 33120A generator with a sampling frequency of 
10 MHz and amplified by a voltage amplifier (Musilab UA-8400). The acquisition of 
experimental signals is performed using a LabVIEW interface with a high impedance National 
Instruments PCI-5105 12 bits acquisition board. The recorded signal length is 1 ms and the 
sampling frequency is fixed at 60 MHz but a down-sampling of 10 is applied afterward in the 
processing section for reduction of computational costs. All measurements are averaged 100 
times with a pause of 100 ms between each measurement in order to increase the Signal to Noise 
Ratio (SNR). This de-noising technique is valid for off-line inspection but for on-line inspection, 
band-pass filtering should be preferred. 
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Damage sensitivity: analysis using variable angle wedges 
 
      In order to validate damage sensitivity with respect to the generated guided waves, angle 
beam transducers tuned at 500 kHz (Olympus V413-B) mounted on variable angle wedges 
(Olympus ABWX-2001) have been used as actuators and sensors. A spacing of 10 cm is ensured 
between sensor and actuator using rigid frame and the coupling between wedges and the bond 
line is ensured by coupling gel (Olympus Sound Safe) as presented in Fig. 5.  Selective 
generation of frequencies and modes can be achieved by adjusting input signal and wedge angle 
respectively using phase velocity selection. In the present case, for inspection using S0 mode at 
300 kHz and S1 mode at 500 kHz, wedge apex angles of 30°  are retained and in order to select 
proper modes and narrow-band burst excitations of 5.5 cycles have been selected as input 
signals. 
 

 
Figure 5 : Variable angle wedges used for characterization of damage sensitivity . 

 
     Measurements obtained in the undamaged and the 1.5” damaged areas are presented in Fig. 6.  
For each case, signal envelopes are computed using Hilbert transform of the time signals and 
results are plotted for undamaged case (green) and damaged case (red). S0 mode propagation at 
300 kHz is affected by the damage and a change of modal amplitude can be observed.  In this 
case, the S0 peak amplitude can be used as a metric in order to determine damage size with 
precision. At 500 kHz, A1 and S0 modes are converted when entering in the damaged area. Thus, 
mode recombination and changes of Time-of-Flight (ToF) are observed. However, minor 
changes of mode amplitude are observed, such that this mode cannot easily be used in practice. 
 

 

 
Figure 6: Signal envelope analysis in the undamaged region (green) and damaged areas (red) at 

300 kHz (top) and 500 kHz (bottom) 
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SHM system implementation using bonded piezoceramics 
 
     In this part, Acellent piezoceramics are used as sensors and actuators and estimation of 
damage size is performed using the metrics identified in the previous section. Hanning windowed 
burst signals of 5.5 cycles at 300 and 500 kHz are used as input signal. In order to investigate 
measurement repeatability, three consecutive measurements are performed in each of the four 
areas of the coupon (undamaged, damaged 0.5", damaged 1.0" and damaged 1.5") and typical 
results are shown for each of the selected frequencies in Fig. 7. In this figure are represented the 
typical time signals for one of the three measurements. The blue curves refer to undamaged 
areas, while green, orange and red denote damaged areas (0.5", 1.0" and 1.5" respectively). 
 

 
Figure 7: Measured Pitch and Catch signals using PZTs in the four areas of interest at 300 kHz 

(top) and 500 kHz (bottom) 
 
     On the one hand, analysis at 500 kHz is not feasible due to low single to noise ratio and 
difficult analysis of wave packets. On the other hand, it appears that S0 mode between 30 and 50 
µs is affected by the presence of the damage as determined in the detectability section (see Fig. 
13. On the other side, the time signal difference cannot be directly used due to the slight 
differences in geometry, PZT capacitance and bonding conditions from one measurement to the 
other.  Thus amplitude changes of S0 mode (measured as the maximal value of envelopes 
between 30 and 50 µs) can be quantified for the three consecutive measurement repetitions and 
allow a metric extraction as presented in Fig. 8. This metric varies almost linearly with respect to 
damage size, such that this metric appears as a good candidate for damage size.  

 
Figure 8: Definition of threshold and metric for disbond detection. S0 mode amplitude changes 

at 300 kHz are used for detection and quantification of damage size. 
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     Thus, 3 zones of interest (and 2 thresholds) are defined for damage size estimation based on 
observation of S0 amplitude changes: 

- S0 amplitude changes below 20 %: the structure is considered as undamaged. 
- S0 amplitude changes below 60 %: it appears from experimental measurements that the 

estimated damage size is below 0.5". 
- S0 amplitude changes above 60%: the damage size are estimated over 0.5" and the 

damage size estimation (between 1" and 1.5") cannot easily be performed. 
 

 
CONCLUSIONS 

 
     In this paper, the design of an SHM system for detection of disbond in composite bonded 
joints is proposed. Selection of mode and frequencies for inspection is based on theoretical 
dispersion analysis and strain distribution through the thickness. 2D FEM allows validating the 
metrics to be used. Experimental validation of damage sensitivity using variable angle wedges 
and detectability using circular PZT is presented and a metric based on modal amplitude is 
proposed for damage size quantification. Influence of other design parameters (PZT shape, 
spacing and location) is let for further analysis. 
 
 

ACKNOWLEDGMENTS 
 

The numerical study has been conducted with the financial support of the Natural Sciences 
and Engineering Research Council of Canada (NSERC) and the experimental part of the present 
study with the financial support from the Consortium for Research and Innovation in Aerospace 
in Quebec (CRIAQ). 
 

REFERENCES 
 
1. A. Higgins., Adhesive bonding of aircraft structures, International Journal of Adhesion & 

Adhesives, 2000, 20, 367-376 
2. C.R. Farrar and K. Worden, An introduction to structural health monitoring, Philosophical 

Transactions of the Royal Society, 365:303–315, 2007. 
3. J.B. Ihn and F.K. Chang. Pitch-catch active sensing methods in structural health monitoring 

for aircraft structures, Structural Health Monitoring, 7:5–15, 2008. 
4. N Quaegebeur, P Micheau, P Masson, and A Maslouhi, Structural health monitoring 

strategy for detection of interlaminar delamination in composite plates, Smart Materials and 
Structures, 19(8):085005, 2010. 

5. H. Matt, I. Bartoli, and F.L. Di Scalea, Ultrasonic guided wave monitoring of composite 
wing skin-to-spar bonded joints in aerospace structures, Journal of the Acoustical Society 
of America, 2005, 118, 2240-2253. 

6. Acellent SMART Layer website. http://www.acellent.com/sensors.asp 
7. M. Lowe. Matrix technique for modelling Ultrasonic Waves in multilayered media, IEEE 

Transactions on Signal Processing, 1995, 42, 525-543. 
8. A. Raghavan and C.E.S. Cesnik. Finite-dimensional piezoelectric transducer modeling for 

guided wave based structural health monitoring, Smart Materials and Structures, 2005, 14, 
1448-1461. 


